Core-excitation of water ice releases many different molecules and ions in the gas phase. Studying these desorbed species and the underlying mechanisms can provide useful information on the effects of X-ray irradiation in ice. We report a detailed study of the X-ray induced desorption of a number of neutral, cationic and anionic species from amorphous solid water. We discuss the desorption mechanisms, and the relative contributions of Auger and secondary electrons (X-ray induced Electron Stimulated Desorption) and initial excitation (direct desorption) as well as the role of photochemistry. Anions are shown to desorb not just through processes linked with secondary electrons but also through direct dissociation of the core-excited molecule. The desorption spectra of oxygen ions (O + , OH + , H2O + , O − , OH − ) give a new perspective on their previously reported very low desorption yields for most types of irradiation of water, showing that they mostly originate from the dissociation of photoproducts such as H2O2.
Introduction
Water ice is of primary importance in numerous domains of science. It is ubiquitous on Earth but also in space, on various bodies of the solar system and on the dust grains of the interstellar medium, where it plays a primordial role in e.g. planet formation in protoplanetary disks [1, 2] . The interaction of water ice with energetic radiation such as UV or X-rays interests different fields, such as planetary science [3] or astrochemistry: water frozen on interstellar dust grains can be released to the gas phase through a process called photodesorption, which has shown its importance in the field over the last decade [4, 5, 6, 7] . Amorphous solid water is also often used as a model for liquid water to which a different variety of experimental techniques can be applied. It can therefore be used to study e.g. radiation effects in liquid water, which is relevant in many fields like biology or nuclear reactors [8, 9] , but also for understanding the structure of condensed water itself. Numerous studies have been dedicated to elucidating the structure of various forms of condensed phase water [10, 11, 12] , especially liquid water, but the latter still eludes complete characterization. X-ray absorption spectroscopy of liquid and different forms of solid water have been a major element in the recent discoveries and controversies surrounding the structure of the different forms of condensed water [10] .
In this context, having a more fundamental understanding of the various processes occurring during X-ray irradiation of water ice is important. One way of getting insights into the dissociation of molecules, photochemistry and energy relaxation pathways is to study under high vacuum conditions thin films of water ice and to investigate what is ejected in the gas phase. This gives information different and complementary to that obtained using techniques that probe the condensed phase. Previous studies of core excitation of water ice by X-rays have mostly investigated the desorption of the H + ion, which is by far the most abundant ion desorbed. The desorption of other fragments like O + or OH + is reported as being particularly low for not only X-ray core excitation [13] but also other types of irradiations such as electrons [14] or XUV photons [15] . Some studies have attempted to derive structural parameters of the ice from the desorption spectrum of H + [16, 17] . Another work [13] looked into the details of the dissociation dynamics by investigating specific features that appear in the H + desorption spectrum but not in the absorption of the ice, in particular the lowest energy peak of the spectrum, sometimes called the pre-edge, which is shifted and enhanced in the H + spectrum. This feature was interpreted as pertaining to surface molecules, and it was suggested that an ultrafast dissociation process (i.e. breaking of the O-H bond on the potential energy surface of the core hole state, before its decay) could be occurring. It was later found by Auger electron -ion coincidence (AEPICO) [18] and investigation of the desorption of neutral molecules [19] , especially neutral H, and kinetic energy distributions [20] , that no ultrafast dissocation took place, but still a "fast" desorption process was at play, with a significant elongation of the O-H bond during the core hole lifetime. This illustrates the importance of exploring the exact mechanisms of desorption in order to use it to derive information on the investigated system. Indeed, the pre-edge peak is a keystone of the current interpretation of X-ray absorption and desorption spectra of condensed water that are used to derive structural information [10] .
One basic distinction that is usually made, in terms of desorption mechanisms for core excitations, is between desorption mediated by the Auger electron and the subsequent secondary electrons created (which is usually termed X-ray induced Electron-Stimulated Desorption, XESD) from desorption mediated directly by the core excitation decay (as a result of the molecule being left in a highly excited state), which will be called direct desorption here (and is sometimes referred to as "true" photon-stimulated desorption [13] ). XESD includes both processes induced by the low-energy (< 20 eV) secondary electrons and the secondary ionization events due to scattering of the Auger electron, which can include the creation of highly excited (e.g. doubly ionized) states. Comparison between absorption and desorption spectra can give us information on the contributions of direct desorption and XESD. Another point that can be discussed in this case is the role that photochemistry plays in the desorption phenomena. In the case of UV photodesorption from water ice, in addition to several direct desorption mechanisms that have been evidenced in theoretical and experimental works [21, 22] , desorption due to chemistry has been shown to play a role [22] .
Here, we investigated the spectrally-resolved desorption from core-excited water ice for not only H + but also most of the other species that could be detected in our set-up. The objective is to make a survey of the desorption of different species upon core-excitation. Desorption of neutral species, protonated clusters, and cation fragments other than H + are discussed and compared with results from other types of irradiation (electrons, UV photons and energetic ions) when such results exist in the literature. In each case, we attempt to discuss desorption mechanisms when possible and whether we can distinguish the contributions of XESD and direct desorption. The desorption spectra of oxygen-bearing ions bring a new perspective to their low desorption yields. We also investigate the desorption of anions, which had not been hitherto reported for any type of irradiation of water ice to our knowledge, to the exception of low energy electrons, where the specific dissociative electron attachment (DEA) process can occur, along with dipolar dissociation -which we show to not be the only processes at play here.
Methods

Experimental set-up
Experiments were performed in the SPICES 2 set-up. Some aspects of the experiments have already been detailed elsewhere [4] . Briefly, the set-up is an ultra-high vacuum chamber equipped with a closed-cycle helium cryostat, reaching a base temperature of 15 K at the sample holder and a base pressure of ∼ 1 × 10 −10 mbar at 15 K. The substrate used was a technical copper surface (polycrystalline OFHC copper), electrically insulated from the holder by a kapton foil. This allows to measure the sample current generated by X-ray absorption, when Auger and secondary electrons escape the surface of the ice. This total electron yield (TEY) is considered to represent the absorption of the ice. Water (liquid chromatography standard, Fluka, purified by freeze-pump-thaw cycles) vapour was injected through a dosing tube to grow a ∼ 100 monolayers (ML) thick ice on the substrate at 90 K, to yield a compact amorphous solid water [23] (c-ASW). The thickness ensures a negligible substrate influence on desorption. Experiments were performed at either 90 K or 15 K. Cooling to 15 K is not expected to change the compact amorphous structure of the ice.
The set-up was installed on the SEXTANTS beamline of the SOLEIL synchrotron. During irradiation, the photon energy was scanned typically between 520 and 600 eV. The monochromatized beam had a resolution of 150 meV and a flux of 1.4 × 10 13 photon.s −1 for the experiments on neutral molecules, and a resolution of 80 meV and flux of 2.8 × 10 12 photon.s −1 for the experiments on ions, constant over the whole range except around 535 eV where a dip was present. The spot at the surface was approximately 0.1 cm 2 large. The beam was incident at 47 • relative to the surface normal, and the polarization was set to horizontal so that at the surface the light had a half out-of-plane and half in-plane components. The absolute energy scale was set so that the pre-edge (thereafter peak 1) of bulk water ice absorption was at 535 eV, which is what is usually done in the literature [17, 10] . We had not shifted the scale in our previous study [4] , but it does not change any conclusions: it is only more convenient to compare the results of different papers. This re-calibration was cross-checked to be coherent with the position of the main resonance peak of solid CO near the O 1s edge, which was studied during these same experimental runs.
Neutral species desorption was detected using a quadrupole mass spectrometer (Pfeiffer Vacuum). Ion desorption was detected with another quadrupole mass spectrometer (EQS Hiden Analytical), which can detect both positive and negative ions. This QMS is equipped with a 45 • deflector kinetic energy analyser [24] . It is important to note that kinetic energy filtering is not optional with such a device: all the spectra that we present are taken at a given kinetic energy, the center of the KE distribution unless stated otherwise. Because we have evidence that kinetic energy filtering can have an effect on the relative intensities of the spectral features for some ions (which will not be discussed further here), KE distributions at different fixed photon energies were measured and integrated to check that the KE-differentiated spectra we present are not distorted compared to the KE-integrated spectra.
Calibration of the photodesorption yields
We estimated the absolute photodesorption yields of the different species we observed. The derivation of absolute yields for neutral species were presented in detail previously [4] . For deriving the yields of ions, several steps are necessary. Since our QMS is equipped with a kinetic energy filter, we first integrated the kinetic energy distribution of each ion. The result is corrected by the photon flux at the relevant energy. Then in order to compare different ions between themselves, we estimated the relative detection efficiencies. The assumption is that the relative detection efficiency only depends on the mass of the ion. Estimations made with different gases with known cracking patterns and compared using a calibrated pressure gauge allowed to derive an apparatus function for the QMS, which roughly follows a (m/z) −0.5 power law (except for the very light H + and H + 2 ions, for which separate estimations of the apparatus function were made). The last step is to calibrate the absolute desorption yield of at least one ion. The solution we adopted for now was to scale our data with published desorption yield values of a given system. In this case we irradiated CO ice and scaled the data we obtained for the C + ion on the absolute values of Rosenberg et al. [25] . This yielded a detection efficiency for this ion of ∼2% with our QMS.
We are confident with the values given for neutral species, within the uncertainty of ±40% that we estimated [4] . The absolute values for cations (and anions) rely on the validity of the measurements of Rosenberg et al. The relative comparison of cations, however, is valid within the ±40% error of the apparatus function calibration. The inter-comparison of cations and anions, on the other hand, relies on the assumption that the detection efficiency still only depends on the mass, which given that other parameters of the QMS change may not be true. The calibration of anions should therefore be considered as an order of magnitude estimate. 3 Results and discussion 3.1 Ice absorption spectroscopy and structure
As explained in section II, the measured total electron yield (TEY), i.e. the number of electrons escaping the surface of the ice per incident photon, will be assimilated to the absorption of the ice. The dominant contribution to the TEY are the secondary electrons created by the Auger cascade. The probing depth of the technique, corresponding roughly to the radius of the electron cascade, is about 100Å (∼ 30 ML) [26] . The contributions of the bulk of the ice are thus presumably dominant, although the surface roughness of amorphous ice may increase the surface contributions and make the estimation of probing depth more complicated. As stated before, contribution of the substrate to the TEY can be neglected given the thickness of the ice (100 ML). The total electron yield curves obtained in our experimental conditions at 15 and 90 K are presented in fig. 1 .
Interpretation of the TEY spectra as well as the photodesorption spectra that will be presented later requires first a recall of the electronic structure of water and the extensive literature existing on the interpretation of Xray absorption spectroscopy of condensed water. The free water molecule has three outer valence molecular orbitals 1b 1 , 3a 1 and 1b 2 and an inner valence orbital 2a 1 , as well as a core 1a 1 orbital which is the almost unperturbed oxygen 1s orbital [27] . The 1b 2 and 2a 1 orbitals mostly constitute the O-H bonds, while the 1b 1 and 3a 1 make up the oxygen lone pairs. There are two empty molecular orbitals below the ionisation threshold of water, the 4a 1 and 2b 2 orbitals, respectively strongly and weakly antibonding. Above these orbitals lie higher Rydberg states. The absorption spectrum of gas phase water around the O 1s region exhibits four successive peaks before a ionization continuum [28] , which are thus simply attributed to promotion of the 1s electron to, in order, the 4a 1 , 2b 2 , and Rydberg orbitals.
Upon condensation, according to absorption and photoelectron spectroscopy experiments [29] , the valence electronic structure of water is not heavily modified. Shifts and broadening are observed for the filled orbitals. The 4a 1 empty orbital is below the conduction band and in condensed phase language would correspond to a Frenkel exciton. The 2b 2 orbital on the other hand overlaps with the ionisation threshold and constitutes a conduction band.
In condensed phase, all spectra of water in the core excitation region display three features with varying relative intensities, which we will simply call peak 1, 2 and 3 here for reasons explained below. These are seen on our TEY spectra ( fig. 1 ) at 535, 537.5 and 541 eV respectively. The peak at 563 eV is the first EXAFS oscillation, which we label σ*(O-O) to signify its inter-molecular resonance character. Most early works on water core excitation [16, 30, 17] attributed the first three features according to the gas phase features, with the first peak being inherited from the 4a 1 free molecule orbital, the second from the 2b 2 orbital, and the third corresponding to Rydberg orbitals that are heavily modified in condensed phase because of their spatial extension. This is in line with more recent work [31] interpreting the first peak as a localized state of core-excitonic nature, therefore little affected by hydrogen bonding and inheriting from the free molecule 4a 1 orbital, while the third one corresponds to a state delocalized along the H-bond network, bearing no relation with the free molecule, but coherent with the solid state notion of a conduction band.
Another interpretation of the spectra has also been proposed. As mentioned in the introduction, X-ray absorption spectroscopy and related techniques have been used to fuel the debate regarding the structure of liquid water and other forms of condensed water. The interpretation takes into account the fact that in condensed phase, all water molecules are not necessarily equivalent. Even in the crystalline phases, the picture of a nondistorted, tetrahedrally bonded molecule does not hold due to the presence of the surface, various defects, grain boundaries and admixtures of amorphous ice in even the best crystalline samples. Calculations have shown the X-ray spectrum of water to be strongly dependent on the bonding of the molecule [32] . In particular, single H-bond donor molecules (i.e. with a free hydrogen) exhibit different features from fully coordinated molecules. These calculations in addition to considerable amounts of experimental data on various forms of condensed water (see refs [10, 33] and references therein) lend credit to the following interpretation: peak 1 and 2 of the spectra, called pre-and main-edge in these references, gain intensity from weakly coordinated, and in particular single donor (SD) species, while peak 3 (called the post-edge) gains intensity from fully coordinated species. The key difference between this interpretation and the previous one is whether there can be a localized excitation contributing to the pre-edge feature for fully coordinated species in the ice. The transposition of gas-phase peak attributions to the condensed phase is therefore not so clear, which is why we adopted the labels peak 1, 2 and 3 for this paper.
We will use the second theory as a framework of interpretation of our data. The difference of our TEY spectra at 15 and 90 K can thus be interpreted as follow. We see that at 90 K, the post-edge (peak 3) is more intense and sharper than at 15 K, while the pre-edge (peak 1) is slightly decreased. We can conclude that at 90 K, more fully coordinated species with less distorted H-bond are probed. The ice is grown at 90 K, which yields a compact amorphous structure, and we do not expect cooling it from 90 to 15 K to change that structure. However we are never probing a pristine ice: the high photon flux used modifies the ice, as expected for any type of irradiation [34] . The irradiation should create defects and trapped species that change the local structure, affecting the hydrogen-bond network. The differences between the two temperatures therefore stem from the fact that at 90 K, the ice more easily regenerates itself, as defects and trapped species can diffuse and molecules can more easily rearrange themselves. This is why more fully-coordinated species with sharper features (peak 3) are observed at 90 K. 
X-ray induced fragmentation and chemistry
Core excitation of a water molecule leads to Auger decay, which (i) leaves the molecule that absorbed the photon in a highly excited state, and (ii) releases an Auger electron. The highly excited states of a molecule that underwent Auger decay are typically doubly ionized (2h: two holes in valence orbitals) states after core ionization and singly ionized excited states (2h1e: two holes in valence orbitals and one electron in a previously empty orbital) after core excitation. These states lead to complex fragmentation patterns. The Auger electron, here with an energy of about 500 eV, will scatter in the ice creating secondary excitations and ionisations -according to simulations, about 25 in the case of water ice [26] . Although an energetic electron can create highly excited states in molecules as well, most of these secondary events will create "simple" states, i.e. singly ionised or excited molecules. Part of the focus of this paper, as mentioned in the introduction, will be to distinguish between desorption triggered by the Auger electron cascade (XESD) from direct desorption mediated by the core excitation decay.
The chemistry induced by X-rays, but also by energetic ions or electrons, sometimes termed radiolysis, is mostly driven by the cascade of secondary electrons and secondary excitations. The resulting outcome is qualitatively similar to photolysis chemistry, i.e. chemistry driven by UV photons (see Yabushita et al. [22] for a recent review of water photolysis). The driver of water chemistry is the dissociation of excited H 2 O * in OH + H, which is the main dissociation pathway, although direct production of O radicals is also possible. The radicals then react to form further products. In our experiment, some of the main elements of the water chemical network can be identified in situ in the X-ray absorption spectrum of the ice. Figure 2 shows the TEY between 524 and 536 eV at either 15 or 90 K. The observed peaks can be attributed to various species other than H 2 O created by X-ray irradiation in the ice: we see the O, OH and HO 2 radicals as well as O 2 and H 2 O 2 . The intensity of these peaks (at a given temperature) do not change upon further irradiation of the ice, showing that we are probing a steady state. In this steady state, Laffon et al. [35] estimated from the peak intensities that these chemical products amount to no more than a few percent of the ice. Pure water ice shows a resiliency to irradiation, i.e. most of the photochemistry occurring leads back to H 2 O as the end product. In photodesorption, two volatile products of the chemistry, H 2 and O 2 are also observed. The desorption of neutral species is discussed in more details in section C and in a previous publication [4] . Other elements that play a role in water photochemistry and cannot be probed here are the important atomic H, the solvated electron, and the presence of defects in the ice.
Temperature plays a major role in this chemistry, by activating or not the diffusion of radicals. We see in figure 2 that at 15 K, the OH radical is much more abundant than at 90 K, a temperature at which it can diffuse easily and react. At 90 K volatile species such as O 2 are also more depleted as they can diffuse to the surface and desorb. Part of these species stay trapped in the ice, which has important consequences for astrophysical applications, where the origin of trapped oxygen in ice has been a long-studied question [36, 37] that is not yet fully solved [38] . Other temperature effects have been evidenced mainly from the observation of ion yields (H + [39] and protonated clusters [14] ) variations. With increasing temperature there is an increase of hole mobility and of excited state lifetimes, which could also play a role in the evolution of chemistry. This is also linked with structural differences, due to defect migration and reorientation of molecules.
In addition to the radicals-fuelled chemistry, ionising radiation also opens the possibility of ion chemistry. Contrary to valence excitation, ionization of H 2 O is not necessarily dissociative [40] . H 2 O + ions will therefore be created along with protons and possibly other ions. The released electrons, once thermalized, can be trapped [41] or mobile [42] and are equivalent to the solvated electron in liquid water. Models of liquid water radiolysis [43] usually consider that charge or proton transfer processes rapidly make the end product of an ionisation event a hydronium (H 3 O + ) ion and a solvated electron, regardless of the initial product of ionisation. Diffusion of these two species will subsequently lead to recombination and either water reformation or dissociation into radicals, leading back to radical chemistry. However, the fate of the various ions in solid water, where diffusion processes are not necessarily effective, is unclear. Presumably other ionic fragments than H 3 O + are also created, although evidence of their presence inside the ice is scarce [38] . Our detection of various ions in desorption (see table 1) suggest that they should also exist within the ice, although they may not be abundant or long-lived. For example, the observation of the desorption of protonated clusters (H 2 O) n H + , detailed in section D, is an indirect evidence of structural rearrangements in the ice of water molecules around a proton, because of ion-dipole interactions. The desorption of anions, detailed in section F and G, shows that they should be present as well. The chemistry induced in water ice by low energy electrons, especially dissociative electron attachment (DEA) and the creation of anionic species, has been studied previously [44] . Desorption can thus provide some insights on the chemistry happening in the ice upon irradiation. 
Desorption of neutral species
We observed the desorption of three neutral species (table 1), H 2 O, O 2 and H 2 . Their photodesorption spectra are given in figure 3 at 90 K and figure 4 at 15 K. The desorption of neutral species has already been discussed in a previous article [4] , therefore the results will only be briefly recalled here along with some new elements. Regarding the distinction between XESD and direct desorption, we argued previously that neutral desorption is probably dominated by XESD. The fact that the photodesorption spectra follow the TEY is a first argument, although it is weak: while an XESD process necessarily follows the TEY (electrons created at different photon energies are undistinguishable and will lead to the same effects, therefore these effects should be proportional to the total number of electrons), it is not sufficient: it would also make sense for a direct desorption process to follow the absorption spectrum. The argument becomes strong when it is reversed and there is a deviation of the photodesorption spectrum from the TEY, signing unambiguously a direct desorption process, as we will see later for ion desorption.
Another interesting argument is the estimated photodesorption yield per absorbed photon [4] (instead of per incident photon) of H 2 O, which is about 0.2 molecules/photon, which accounting for the uncertainty is close to the yield derived for electron-stimulated desorption [45] . To better understand the importance of this quantitative argument, we can first point out that XESD dominating for neutral desorption is sensible in the picture we have of how the energy of the initial photon is distributed in the ice. Most of the energy of the initial photon goes into the Auger electron and therefore into the secondary events, which suggests they should dominate desorption. Putting it in numerical terms, since there is one "direct" event for 20-25 secondary events (single ionization + creation of a secondary electron that can cause one valence excitation), if all those events have similar partial cross sections for desorption (within an order of magnitude), then the secondary events will obviously dominate. For this to be true, the secondary events (excitations, ionizations and secondary electrons) need to be energetically sufficient to lead to desorption. Desorption of neutral species has a threshold around 6.5 eV for electron irradiation [46, 47] . The secondary electrons are therefore energetically able to desorb neutral species, presumably through the creation of excitons in the ice and mechanisms similar to those observed in UV irradiation. Another mechanism is electron-ion recombination, so that the many ionization events generated by the scattering of the Auger electron can also lead to desorption. The only way direct desorption could dominate in such a case is if the direct desorption process, involving the highly excited initial molecule, is much more efficient than these "simple" excitations to desorb molecules. However, the similarity between the X-ray photodesorption yield per absorbed photon and the electron-stimulated desorption yield does not lend credit to such a possibility. Thus, although a definitive proof is not accessible, we can state with confidence that XESD dominates the desorption of neutral species.
Desorption of H 2 and O 2 was observed in irradiation by electrons, ions and UV photons before, and it is not surprising that we see these species during X-ray irradiation as well, considering the chemistry triggered by secondary electrons and excitations is expected to be similar. We could not measure desorption of OH radicals, however our sensitivity limit was rather high (∼ 1 × 10 −3 molecule/photon). We did not look for H or O fragments, which were seen desorbing under low-energy electron [47] and UV irradiation [22] , where H is in fact the most abundant desorbing species. Temperature effects on the desorption yields are much more important for the desorption of products of chemistry such as H 2 and O 2 than for H 2 O ( fig. 3 and 4 ). Such effects have been studied in detail for other types or irradiation [38] , and include different contributions. The activation of diffusion of some radicals promotes the creation of these species, and they can also overcome their own diffusion and desorption bar- riers when the temperature is high enough.
In the spectra of H 2 and O 2 desorption at 90 K ( fig.  4 ), a relative increase of the features in the 535-540 eV region relative to the TEY is observed, but it does not seem to have a physical meaning and could instead come from background subtraction issues.
Desorption of protonated clusters
The desorption of protonated water clusters (H 2 O) n H + was observed up until n = 11 (m/z = 199), which is the limit of our mass spectrometer (m/z = 200). The mass spectrum is shown in figure 5 . Desorption of protonated clusters from water ice by core-excitation was reported before [48] . It has also been observed and studied in the case of electron [49, 14] and ion [50, 51] irradiation, as well as in field-assisted photon-stimulated desorption [52] or electron and UV photon stimulated desorption from water adsorbed on rare-gas solids [53, 54, 55] .
The formation of protonated clusters in ice exposed to dissociative ionisation is expected, as protons created by ionising dissociation can be stabilized in the form of hydronium (H 3 O + ) ions, onto which a hydration shell can then form due to the strength of the ion-dipole interaction. Based on this microscopic representation, Floyd & Prince first suggested a model [49] to explain the observed size distribution of the desorbed clusters. The distribution of the intensities of the clusters, when corrected for the apparatus function of the QMS, peaks at n = 3 in our case, then decreases with increasing cluster size. This distribution reflects the balance of the energy required to break the hydrogen bonds and detach a cluster of size n, and the energy gained from the formation of the ion bonds to the cluster. The former energy increases linearly with n, while the latter decreases quickly beyond addition of the first few molecules. Christiansen et al. [50] instead use RRK theory to describe the mass distribution of their clusters. All studies do not present the same maxima for their distributions: while our distribution peaks at n = 3, these of Christiansen et al peak at n = 1, Herring-Captain et al. peak at n = 2, Rocker et al. at n = 2 and Floyd & Prince at n = 5. These differences could come from different experimental conditions (such as the use of a quadrupole mass spectrometer in our case instead of a TOF mass spectrometer, even though we have corrected our distribution for the apparatus function of the QMS), or from the fact that we use X-rays rather than electrons or ions. In the case of water adsorbed on rare gas films, the maximum varies from n = 1 to n = 3 depending on temperature and coverage [53] , which confirms the role played by the experimental conditions in the maximum of the distribution.
According to the detailed study of Herring-Captain et al., the mechanism of desorption of cluster ions is distinct from the formation mechanism. The electron energy threshold they observed is above 70 eV for clusters n ≥ 2, indicating that desorption of clusters requires a complex excitation, such as the formation of a two-hole (2a 1 ) −2 state. Formation occurs by hydration around a hole, similar to what was proposed by Floyd & Prince. Desorption is instead caused by Coulomb repulsion between the two holes. They argue that the excess energy of the formation of the cluster goes only into their internal modes, and not into translational motion, which purely comes from Coulomb repulsion. One of their main argument is the fact that the measured kinetic energy distribution of the clusters is the same for all values of n. We did observe this similarity of kinetic energy distributions as well (not shown). Emphasis is put in the paper on the fact that Coulomb repulsion occurs for holes located on two neighbouring molecules. After formation of the initial two-hole state there is a transfer of hole: a cluster then forms around an H 3 O + and is subsequently ejected by repulsion from the other neighbouring charge. The transfer can occur through e.g. proton transfer but also intermolecular Coulombic decay (ICD), a process whereby the Auger electron is ejected from a neighbouring molecule of the core-ionized one. The importance of ICD in the desorption of clusters was emphasized later by the same group [55] in a study on the desorption of protonated clusters for slightly different systems (submonolayer water adsorbed on graphite or rare gas solids).
The photodesorption spectra of all protonated clusters are similar. An example is shown in figure 6 for (H 2 O) 3 H + . The spectrum follows the TEY, except for a deviation at high energies where a rising slope seems to be added to the TEY part. Considering the similarities between protonated cluster desorption in ESD and X-ray core excitation, we could argue that XESD dominates the desorption of clusters. However, the case is different from the desorption of neutrals, for which Figure 6 : Photodesorption spectrum of (H 2 O) 3 H + at 90 K from c-ASW. Indicated in red is the TEY for comparison, normalized so as to best make the different features match.
we claimed that XESD dominates. As mentioned previously, desorption of neutrals by electrons has a threshold of around 6.5 eV, corresponding to "simple" valence excitations or ionizations and easily attained by secondary electrons. On the other hand, clusters desorption has an energy threshold by ESD of as high as 70 eV (n ≥ 2), corresponding to highly excited "complex" states [14] . These cannot be reached by secondary electrons. The initial Auger electron can excite such states but not with a high probability. On the other hand, decay of the initially excited molecule naturally leads to this kind of highly excited state. Therefore in this case, there is no good argument favouring XESD, and direct desorption should play an important role. This is also corroborated by the deviation from the TEY at high energy. It could be suggested that this deviation simply corresponds to a slowly increasing desorption probability following the increasing energy of the photoelectron from core ionisation. However, this is not coherent with the measured ESD threshold of cluster desorption at 70 eV [14] . Considering a ionization potential (IP) at 537 eV [56] , the kinetic energy of the photoelectrons would reach 70 eV for a photon energy of 607 eV, which is above our photon energy range. This might instead be linked to multielectron excitations (i.e. excitation/ionisation of a valence electron alongside the core electron) embedded in the ionization continuum, that have a small excitation crosssection (and cannot be seen in the absorption spectrum) but yield final states with multiple holes that are (i) more likely to stay localized on a molecule and (ii) propitious to Coulomb explosion and cluster desorption.
Desorption of H +
As mentioned in the introduction, the desorption of H + has been the most studied in water ice core excitation so far. Figure 7 shows the photodesorption spectrum of H + at the maximum of the kinetic energy distribution (∼ 7 eV), along with points that correspond to the integrated kinetic energy distributions at various photon energies and a comparison with the TEY. We can see that the photodesorption spectrum shown here corresponds well to the result we obtain by integrating over the whole kinetic energy distribution. We have observed evidence that taking a spectrum at different kinetic energy settings can change the relative intensities of some features, which will not be discussed in this paper.
Here we see that the desorption spectrum deviates from the TEY for several features. A prominent feature of the spectrum is the red-shifted and much more intense peak at 534.4 eV. We will label it peak 1' here. This feature has been studied in detail, including e.g. thickness and polarization-dependence studies [13] . As explained in the introduction the following conclusions were reached: (i) it originates from direct core dissociation of surface water molecules, those with a dangling H, and (ii) evidence suggests a fast dissociation mechanism, with significant nuclear motion already during the lifetime of the core hole. The surface origin of the feature is confirmed by surface-sentitive grazing incidence Auger electron spectroscopy [57] . The fast dissociation mechanism is further compounded by desorbing ion/Auger electron coincidence studies [58] , which reveals what final states are involved in desorption.
We have measured the kinetic energy distribution of H + ions at various photon energies ( fig. 8 ). Some rough measurements had already been presented by Coulman et al. [13] , who had remarked that ions created at the preedge feature were slower than others. Here we see that H + at the main edge excitation or above ionisation at 600 eV have the same kinetic energy distribution, while it is very different for ions at peak 1' (534.4 eV). The kinetic energy distribution at peak 1' is narrower and has a maximum at lower kinetic energy. This difference is well explained considering the fast dissociation mechanism. When exciting peak 1', the O-H bond is significantly elongated during the lifetime of the core hole, and the kinetic energy acquired by the proton is thus governed by the shape of the repulsive potential curve of the coreexcited state along this coordinate. For other photon energies, various final states (2h1e and 2h states involving different valence orbitals) are at the origin of the proton fragments and the kinetic energy reflects the variety of these states (see ref [39, 40] for a detailed discussion of the kinetic energies for the different final states).
Another feature is visible on the spectrum at 536.8 eV that resembles peak 1', in the sense that it is a sharp peak more intense than in the TEY, although the increase is not as dramatic as in the case of peak 1'. This feature The black trace is the spectrum at a kinetic energy of 7 eV, while the dots correspond to the signal integrated over the whole kinetic energy distribution (KED), showing that the spectrum at 7 eV is not distorted compared to the integrated signal. Also shown is the TEY (red trace) for comparison, normalized so as to best make the features match. Inset: zoom into the 532-550 eV region, showing the difference between peak 1 and peak 1'. has been suggested to correspond to a surface feature as well [13] . It is however different from the previously discussed feature, as at this photon energy the kinetic energy distribution is similar to other photon energies ( fig.  8 ). This peak has a polarization dependence orthogonal to peak 1' according to the detailed polarization dependence studies of Coulman et al. [13] . Coincidence studies around this energy show the expected results for regular Auger decay [18] (i.e. results similar to those obtained when probing "bulk" features), however the peak is not evident in their spectra, which might be due to the polarization they used. Still, the conclusion is that there is no evidence of fast dissociation associated with this feature, which is however a direct desorption feature. The H + spectrum also deviates from the TEY in the EXAFS region, from 550 eV and above. The EXAFS region, and the first EXAFS oscillation at around 560 eV, are characteristic of the O-O distance and arrangement inside the ice. Therefore it was previously suggested that the discrepancy between the H + and the TEY spectra could be attributed to a surface vs bulk behaviour as well [13, 17] , with the surface molecules having higher average O-O distances. The difference derived from an EXAFS analysis by Parent et al. [17] was rather small, 2.76Å for the bulk vs 2.77Å for the surface. On the other hand, Coulman et al. [13] had previously claimed that EXAFS analysis of the H + spectrum was not possible, due to the fact that in this region, contrary to peak 1', secondary electrons and bulk excitations still contribute significantly to the H + yield. The spectrum in this region is therefore more complicated to interpret. Aside from the peak shift, there is also an increase of the non-resonant continuum relative to the rest. It is worth noting that this increase is slightly different from the rise observed in the clusters spectra, but this does not preclude the possibility of a similar explanation: the role played by multi-electron excitations. Such states would indeed be expected to have higher proton fragment yields than double-ionized states, as they are more likely to stay localized on the molecule and lead to a Coulomb explosion. Multi-electron excitations have been shown to play an even more important role in desorption of ions after core ionization of adsorbed CO, for example [59] .
Direct desorption and surface molecules therefore clearly play an important role in H + desorption. However, outside of peak 1' it is difficult to separate the possible contributions of direct desorption and XESD. It is even less likely that H + desorption is a surface-only probe in the whole region of the spectrum.
Desorption of H −
The desorption of anions in X-ray core excitation of condensed molecules has been observed before [60, 61] , showing such highly ionizing radiation can still yield negative ions. Anions in the present case can come from two distinct mechanisms, once again related to the distinc-tion between XESD and direct desorption. Electrons can mainly create anions by dissociative electron attachment (DEA) or by ion pair dissociation [62, 63] . Low energy electron stimulated desorption of anions from water ice, especially through the DEA process, has been studied extensively [64, 65] . The DEA resonance of water around 7-9 eV corresponds well to the typical energy of secondary electrons, while the Auger electron and higher energy secondaries can cause ion pair dissociation from the neutral molecule. The other possibility for anion formation is direct dissociation of the core excited molecule in an anion fragment and highly charged cation fragments. Such dissociation pathways, although less likely than cation or cation-neutral dissociation, have been observed in the gas phase [66, 67, 68] . Their cross-section is typically 10 −3 -10 −4 lower than dissociation pathways involving only cations and neutrals [66] . Fig 9 shows the photodesorption spectrum of H − at 90 K at the maximum of the kinetic energy distribution, along with a comparison with the TEY. The integrated KEDs for H − show a good match with the displayed spectrum, confirming its shape. The photodesorption spectrum differs markedly from the TEY around 541 eV, where the post-edge feature (peak 3) is strongly suppressed, and in the ionization continuum. The maximum contribution of XESD to the desorption of H − can be estimated from these differences. Indeed, the contribution of the XESD in the spectrum has to follow the spectral shape of the TEY. This maximum contribution corresponds to the hatched TEY-shaped area in red under the H − desorption spectrum. This hatched area is approximately 60% of the total area. Conversely, direct desorption processes in this spectrum therefore account for at least 40% of the H − desorption. This quantification is only indicative as it depends on the energy range considered, but what we can conclude is that there has to be a direct desorption process with an efficiency at least comparable to XESD. Such a result is surprising considering the orders of magnitude difference of crosssections for the dissociation pathways involving or not an anion, mentioned above. We find an estimated one order of magnitude difference between desorption of H + and H − (assuming similar detection efficiencies for both ions). There is therefore a gap of at least two orders of magnitude with the gas phase results. One possibility is that the difference occurs at the desorption step, but it is difficult to see why H − would have a much higher desorption probability than H + after formation. H + can react with surrounding molecules, which is in competition with H + desorption, but so does H − , which reacts with H 2 O to form H 2 with a high cross-section [69, 70] . The more likely explanation is a condensed phase effect. All the possible rapid charge transfers to neighbouring molecules that can occur in the condensed phase seem to enhance significantly the probability of anion formation during core-excited/ionized water dissociation. On the H − desorption spectrum ( fig. 9 ), intensity is missing on peak 3, which as mentioned previously is attributed to four-coordinated molecules and a delocalized excitation. A delocalized excitation means the final state after Auger decay will a be a 2h state, as the electron density is quickly delocalized over several molecules. We could expect a 2h state to be less likely to yield anions than a 2h1e state, but then the H − signal in the ionization continuum would also be suppressed relative to the pre and main edge (peaks 1 and 2). This missing intensity may then rather be linked to the fact that mostly four-coordinated molecules are excited here, which for a reason yet to be found is less likely to yield anions. A similar explanation can also hold for the lessened EX-AFS oscillation, i.e. a resonance also linked with the coordination shell of the molecules.
Desorption of oxygen-bearing ions
The desorption of fragment cations other than H + was previously observed [13] during core excitation with a much lower yield than for H + but no detailed studies were performed, and in particular no spectra were shown. The observation of low yields of oxygen-bearing fragments (O + , OH + , H 2 O + ) desorbing from water ice is a common feature of not only soft X-ray irradiation [13] , but also XUV irradiation [15] and medium energy (100-200 eV) electrons [14] . Studies of anion desorption by dissociative electron attachment (DEA) of low-energy (<20 eV) electrons on water ice also reported very low O − and OH − desorption signals [71] . Our estimated desorption yields for oxygen-bearing fragments are, similarly, much lower than H + (table 1) . Several reasons can be [72] and shifted to match the first H 2 O 2 peak, and the O + desorption spectrum for O 2 ice (green trace) from Rosenberg et al. [25] invoked to explain these observations. As the oxygen cation and anion fragments are readily observed in core dissociation of gas-phase water [73, 67, 66] , we cannot ascribe the observed lower desorption of these fragments to a dissociation branching ratio that would favor neutral oxygen radicals instead of ions so heavily, especially in cases where multiple holes are involved. One important difference is the kinetic energy of the different fragments. In dissociation of an isolated water molecule into two fragments H and OH (regardless of their charge), momentum conservation implies that the H fragment takes away ∼94% of the kinetic energy, and little is left for the oxygen-bearing fragment. In the case of dissociation into three fragments, the symmetry of the molecule also plays a role: it has been observed in Coulomb explosion of molecules that the central atom has much less kinetic energy because the recoil energy of the peripheric fragments compensate [74] . Such would be the case for dissociation of H 2 O in H + O + H. In a condensed medium there are also other channels for energy loss, as well as environment effects on the symmetry of the molecules, so that the theoretical kinetic energy partition in the isolated molecule is only an upper limit. The lower kinetic energy of the oxygen fragments would reduce their probability to overcome the desorption barrier.
Other explanations have been suggested to explain this low desorption yield: one explanation is based on the assumption that the surface orientation of water molecules is always unfavourable to desorption of oxygen fragments [15] . Another stems from the fact that there is a competition between desorption of an ion and decay of the ionic state through reneutralization [40] . The H-bond network of ice facilitates rapid intermolecular charge transfer processes. This is in fact also linked with the previous argument on kinetic energies: fragments with lower kinetic energies will spend a longer time at or near the surface before escaping, which increases the likelihood of their reneutralization. Another possibility that would prevent desorption is if the cation is trapped. Once again, the trapping probability should be higher for slower ions, considering the time it would take for the structural rearrangement of surrounding dipoles that would stabilize the ion in the ice. Such a structural rearrangement certainly could not occur in the case of fast desorption of H + , for example, which takes place on a timescale of a few tens of fs.
The desorption spectra of oxygen-bearing fragments provide useful information to discuss their low desorption efficiency. The desorption spectrum of O + in fig. 10 bears no resemblance to the TEY. Instead the spectrum at 90 K is dominated by two features which can be recognized as two peaks of the spectrum of H 2 O 2 . The first one is in fact visible in the TEY as mentioned in section B. The comparison to the gas phase H 2 O 2 spectrum (O + yield [72] , shifted to match the first peak) shown in the figure allows to attribute the second feature, which is not visible in the TEY where it would overlap with and be hidden by the water peaks. Looking at the desorption spectrum of O + at 15 K ( fig. 10) , two other features are observed which can be attributed to O 2 (the desorption of O + from O 2 ice from Rosenberg et al. [16] is shown as well for comparison). Once again the first O 2 feature is visible in the TEY, although weak, and we saw that it was more abundant in the ice at 15 K than at 90 K. This spectral information indicates that the desorption of O + is dominated by direct excitation and dissociation (therefore a direct desorption process) of products of the photochemistry, which are present only at the few percent level in the ice. We cannot exclude that the concentration of photoproducts is higher at the surface than in the bulk, because diffusion of radicals, and the subsequent chemistry, can be different at the surface. Still, considering the relative abundances, the desorption of O + through excitation of these photoproducts must be much more efficient than through XESD or direct excitation of H 2 O. This strong contribution of H 2 O 2 is also seen in the desorption spectra of the other oxygen-bearing fragments, OH + , H 2 O + (fig. 11) , O − and OH − (fig. 12 ).
These observations are coherent with the idea that kinetic energy partition during dissociation is important. Indeed, dissociation of H 2 O 2 or O 2 instead of H 2 O implies breaking (at least) an O-O bond, yielding fragments of similar masses and thus releasing more energy into oxygen-bearing fragments. It would also at first weaken the explanation of a competition between desorption and decay of an ionic state, as there is no reason that an O + or OH + fragment from H 2 O 2 would have a different decay probability than if they resulted from H 2 O dissociation. However this is not completely ruled out because, as pointed out above the explanations can be complementary rather than contradictory: a higher kinetic energy for the fragment implies less time spent in the ice and thus a lower probability of decay. Another consideration is that we do not know the structural arrangement of photoproducts in the ice: if the connection of these species to the H-bonding network is poor, the lifetime of the ionic states could be longer and also favor desorption. Similarly if there are species with dangling OH or O pointing outwards at the surface desorption would be favored. The various factors explaining low desorption of O-bearing fragments from ice (kinetic energy partition from dissociation, reneutralization probability, structural arrangement...) are inter-connected, thus it is difficult to rule out one of them, but the present experimental observations are consistent with the general picture they form. Figure 12 : Photodesorption spectra of O − and OH − at 90 K or 15 K from c-ASW. The spectra were taken at the maxima of the kinetic energy distributions of the ions. Also indicated are the integrated kinetic energy distributions at various photon energies (black dots) to show that the these spectra are indeed representative of the non-differentiated spectra. The attribution of some peaks are given, with the molecule and the number of the peak, using the same color code as in fig. 10 . The curves have been arbitrarily scaled to have roughly the same size.
Comparisons of the spectra of the different fragments also show some interesting differences. In fig. 11 , the spectra of O + , OH + and H 2 O + for a 90 K ice are plotted. The integrated kinetic energy distributions at different photon energies are plotted as well (black dots) to show that the displayed spectra are indeed representative of the non-differentiated spectra. We can see that the relative contributions to the desorption of H H fragments) , not only is the kinetic energy taken away by the lighter H fragments, the central place of the O atom would also yield it even less kinetic energy than in the case of a dissociation in two fragments. This could explain the absence of any water-related feature in Figure 13 : Photodesorption spectra of O − and OH − at 90 K from c-ASW, from 520 to 600 eV. The spectra were taken at the maxima of the kinetic energy distributions of the ions. The curves have been arbitrarily scaled to have roughly the same size.
the O + spectrum. The case of H 2 O + is different: H 2 O + is the result of simple ionization of water, with no dissociation is involved. Simple ionization is unlikely to lead to H 2 O + desorption, considering there should be a rather high desorption barrier due to the stability of the ion in a water matrix (and also the competition with formation of H 3 O + , presumably). A mechanism should therefore be invoked to explain the contribution of H 2 O to the yield. One possibility is that the energy for desorption comes from Coulomb repulsion between two neighbour ionized molecules. Such a situation can happen when a charge transfer or proton transfer occurs from a 2h final state, or when the core ionized state undergoes ICD.
If we consider such a mechanism to be at the origin of H 2 O + desorption after H 2 O excitation, it is more likely that direct desorption will dominate over XESD, since double-ionization processes are not energetically possible for secondary electrons and not very likely for Auger electron scattering. This mechanism is similar to the one of cluster desorption. In fact it is probably a minor outcome channel of the process that can also lead to cluster desorption. When H 2 O + forms it is expected that proton transfer will form H 3 O + instead -rapidly: the time scale for proton transfer typically competes with ICD. H 2 O + desorption can occur when desorption outpaces proton transfer, a presumably minor case compared to H 3 O + or cluster formation and desorption, which is reflected in the desorption yield being an order of magnitude lower ( Table 1) . The desorption spectra of the anions O − and OH − are shown in the edge region in figure 12 (at 15 and 90 K) and extended up to 600 eV in figure 13 (at 90 K only). The H 2 O 2 features are prominent in the edge re-gion while the bulk water features such as peak 3 at 541 eV and the σ*(O-O) resonance at 560 eV are completely absent, similar to O + ( fig. 10 ), although the spectra are still different in the continuum region. However, surprisingly, a peak corresponding to peak 1' of water at 534.4 eV is observed, especially at 90 K (at 15 K it could be hidden by the H 2 O 2 peaks). The presence of this peak in the absence of any other water feature is surprising and suggests that O − and OH − anions may be produced in the fast desorption process discussed for H + . This is especially surprising in the case of OH − , since formation of OH − from water dissociation after core excitation necessarily implies either charge transfer to neighbouring molecules or radiative, rather than Auger decay (1% of the events). More investigations would be required to see if this apparent feature can truly be attributed to H 2 O. Another feature that is distinctive of these two ions is the ionization continuum ( fig. 13 , above ∼540 eV), for which we see a clear sigmoid shape with no EXAFS feature or shape resonance. A possible attribution of this feature is the ionization continuum of H 2 O 2 . However, the fact that it is not seen for O + raises doubt about this interpretation. The lack of resemblance with the TEY of these continuum features rules out an XESD contribution. A direct desorption contribution from H 2 O excitation is also unlikely, since no dissociation pathway starting from excited H 2 O 2+ (after core ionization and Auger decay) could yield O − or OH − . Such a direct desorption process would only be possible, again, if transfer of a positive charge to a neighbouring molecule occurs, or after radiative decay.
Conclusion
The objective of this study was to explore all the species that are released in the gas phase when core-exciting amorphous water ice, to attempt to distinguish different desorption mechanisms when possible, and to see what information can the desorption of some specific species tell us about dissociation, chemistry and relaxation following core-excitation. We have observed neutral species, cations and anions (summarized in table 1), and the escaping electrons as well. We quantified the desorption of neutrals and the escaping electrons, and tentatively quantified the desorption of ions.
We conclude that XESD -desorption mediated by the Auger and secondary electrons -is dominant in neutral desorption. For ions, there is evidence that this is not the case at all photon energies and direct desorption processes -desorption mediated directly by the core-excited/ionized molecule -contribute as well. XESD could play a role in the desorption of H + or protonated clusters, but it is much less clear than for neutrals. Direct desorption is at least as efficient as XESD in the case of H − desorption, so that there must exist dissociation pathways of core-excited and even core-ionized H 2 O that lead to anions, in addition to the processes induced by secondary electrons. These dissociation pathways are identified in the gas phase but are not very efficient, so the very clear signals we obtain for ion desorption are still somewhat surprising and suggest a strong condensed phase effect (due to the possibility of charge transfers) favouring anion formation. We have also shown that direct desorption dominates completely O + desorption and always plays a major role in the desorption of other oxygen fragment ions (OH + , H 2 O + , O − , OH − ). An important conclusion for these oxygen fragments is that direct desorption following core-excitation of water itself is not efficient: instead direct desorption following coreexcitation of radiolysis products and in particular H 2 O 2 plays a very important role. Now after this broad exploration, efforts should focus on the details of the desorption of specific species such as H − or O + , similarly to the work that has been done on H + , to further understand the information they can yield on core-excitation of water ice, since clearly interesting elements remain to be uncovered.
